Introduction
Since many decades, the prediction of oral drug absorption in humans is performed through the use of the Caco-2 model [1] . The human colon carcinoma cell line Caco-2, when seeded on permeable supports is able to form a monolayer of polarized epithelial cells, presenting the phenotype of the small intestine. This model provides a good correlation with the fraction of drug absorbed by the human intestine [2] . Although technical protocols have already been supplied [3, 4] , many lab-to-lab variability in Caco-2 permeability assays have been highlighted. Lee et al. have shown quantitative difference in Caco-2 permeability results from several laboratories and explained how these results can influence the prediction of intestinal absorption of drugs [5] . As reported also by Sambuy et al., cell culture conditions can influence Caco-2 cells behaviours and, ultimately, permeability results [1] . Therefore, the cell type, the culture medium as well as the cell seeding density have an impact on the morphology, the integrity and the transport through the monolayer. Behrens et al. demonstrated that the time in culture, the membrane support and the seeding density strongly influence the transepithelial electrical resistance (TEER) and consequently, the permeability of a paracellular marker drug [6] . However, the impact of membrane pore size and density of pores on Caco-2 monolayer integrity and permeability has never been performed. In this study, it was investigated the influence of different pore size and pore density while the same permeable support of polycarbonate membrane was used. Transwell TM supports with pore size of 1 mm or 3 mm in normal and high density were employed. Moreover, it is known that the type of Caco-2 cell lines has different properties and therefore, can modify the permeability of drugs [7] . Multiple clones have been isolated from Caco-2 regular cells to obtain a more homogeneous population of cells in terms of brush border structure, transport or biotransformation activities. Thereby, the difference between regular Caco-2 cells and the clone type C2BBe1 was also considered being both used in this study. This clone developed by Peterson et al. has the property to form a homogeneous polarized monolayer with an apical brush border morphologically comparable to that of the human colon [8] . The objective of this study is to characterize the integrity and the permeability of Caco-2 monolayers in function of different cell culture conditions as the membrane pore sizes, the density of pores and the Caco-2 cell lines.
Materials and methods

Materials
Human an incubator (CellCulture Ò CO2 Incubator, ESCO GB Ltd., UK) at 37°C temperature and 5% CO 2 in a water saturated atmosphere. ) were also used (Merck Millipore, Overijse, Belgium). Caco-2 cells were seeded on the apical chamber of Transwell TM inserts, to a final density of 1 Â 10 5 cells/cm 2 in each insert. Cells were allowed to grow for 21 days with medium changes every two days based on our previous experiments [9, 10] . The TEER values of monolayers were measured every time that medium was refreshed to monitor the evolution of confluence, using an EVOM epithelial voltohmmeter equipped with chopstick electrodes (World Precision Instruments, Sarasota, FL, USA).
In vitro cell model
Confocal laser scanning microscopy
The confluence of the monolayers was analysed with confocal microscopy after 21 days of growth. Cells on Transwell washed twice with PBS. Cell nucleus were counterstained with DAPI (1:1000). The membrane was washed three times with PBS, cut and mounted on a glass slide with fluorescence mounting medium.
Transmission electron microscopy
Monolayers were analysed by transmission electron microscopy (TEM) after 21 days of growth. Transwell TM membranes were washed and cells were fixed with 2.5% glutaraldehyde for 20 min at room temperature. Then, membranes were washed twice with sodium cacodylate buffer (NaCac) for 3 min. Afterwards, the cells were post-fixed with 1% osmium tetroxide in 0.1 M NaCac buffer (pH 7.4) and then dehydrated and embedded in epoxy resin. Ultrathin sections (60 nm) were cut perpendicular to the insert, poststained with uranyl acetate and examined with TEM using an acceleration voltage of 120 kV.
Dextran-FITC permeability studies
Permeability studies were performed using dextran-FITC as a marker of paracellular pathway [11] . For that, DMEM was removed from both chambers and the Transwell TM membrane was washed twice with pre-warmed HBSS, then replaced by new HBSS and allowed to equilibrate for 30 min at 37°C. This experiment was performed at 37°C during 2 h with 0.5 mL of 200 mg/mL dextran-FITC prepared in HBSS in the apical chamber and 1.5 mL of HBSS in the basolateral chamber. Aliquots of 200 mL were taken from the basolateral chamber after 5, 10, 15, 30, 60, 120 and 180 min and then replaced with fresh HBSS. The cell monolayer integrity was monitored by TEER measurement each time point and dextran-FITC content was quantified by fluorescence spectrophotometry. The permeability results are expressed in percentage of permeability.
Statistical analysis
All the results are represented as mean ± standard deviation (SD). One-way ANOVA, together with Tukey's post-test, was used to compare different groups of data using GraphPad Prism Ò software (Prism 6 for Windows, CA, USA). p < 0.05 is denoted as (⁄), p < 0.01 as (⁄⁄) and p < 0.001 as (⁄⁄⁄).
Results
Monolayer integrity in function of Caco-2 cell types and membrane supports
In order to study the impact of the Caco-2 cell line and the different characteristics of the membrane support on monolayer integrity, Caco-2 regular and the Caco-2 clone cells were seeded at the same initial density. The integrity of tight junction dynamics in epithelial monolayers was followed through the measurement of the TEER during the growth until 21 days [12] . Fig. 1A showed that in function of time, the evolution of the TEER between culture conditions was strictly different. Regardless the cell line, the TEER values obtained with Transwell TM of 1 mm increased fast and reached a plateau after 12 days. However, when the Caco-2 clone cell line was seeded on Transwell TM of 3 mm with high pore density (HD), the TEER values were stabilized sooner, thus the final TEER value was lower. The same behaviour was observed for the two cell lines on Transwell TM of 3 mm with normal pore size density (N). Surprisingly, when the Caco-2 regular cell line was seeded on Transwell TM of 3 mm N, the TEER value after 12 days was not stabilized but decreased from 1500 OÁcm 2 to 500 OÁcm 2 , traducing a decrease of cohesion between cells.
Then, it was compared in detail the final TEER values after 21 days in culture (Fig. 1B ). Significant differences were found between Caco-2 regular and Caco-2 clone cells on Transwell TM inserts of 1 mm with TEER values around 1500 and 2200 O cm 2 , respectively. Moreover, the final TEER values were compared in function of the membrane supports used (Fig. 1C) . Regarding the two cell lines, high difference between pore size of 1 mm and 3 mm were highlighted. Fig. 2 . Immunofluorescence showing the morphology of the monolayer in function of cell type and membrane support after 21 days in culture. FITC-phalloidin staining for actin is represented in red and nucleus were counter-stained with DAPI in blue. The blank arrows show gap into the monolayer. Images were obtained at a higher magnification (Â63 in immersion oil). Except for Caco-2 regular cells seeded on Transwell TM of 3 mm N, all monolayers were confluent since TEER measurements were stable. Moreover, the strength of tight-junctions between cells seeded on membrane support with pore size of 1 mm seems to be higher to those seeded on 3 mm since the TEER values were higher. The choice of the membrane support pore size influences the robustness of Caco-2 monolayer and could therefore, impact the permeability of drugs which cross the barrier by paracellular pathway.
Subsequently, staining of each type of membrane was performed after 21 days in culture to analyse the morphology of the monolayer (Fig. 2) .
The monolayers obtained with Caco-2 clone cell line were all confluent independently of the membrane support. The same observation can be done for the Caco-2 regular cell line on 1 mm. Moreover, cross-sections showed that cells were well-organized in a monolayer with actin filaments mainly present in the apical side of cells, traducing microvillosity. The presence of tightjunctions and microvillosity were also showed with TEM (Fig. 3) . However, gaps in the monolayer were found when Caco-2 regular cells were seeded on Transwell TM of 3 mm N and HD. Those results were consistent to TEER observations and can be explained by the passage of this cell line across pore of 3 mm. This hypothesis was proved with confocal and TEM since it was observed cells in the apical but also in the basolateral sides of the Transwell TM . Fig. 4A showed the basolateral view of Transwell TM 3 mm HD with Caco-2 regular seeded above. The same observations were found on Fig. 4B obtained with TEM. Therefore, the Caco-2 regular cell line on 3 mm pore size membrane was not selected for further experiment since cells can cross the membrane.
Dextran-FITC permeability
The permeability of dextran-FITC was monitored on the monolayers selected in previous section in order to prove their barrier integrity. First, this study was performed on each membrane support without cell seeding to confirm that the drug can cross each pore size. As depicted in Fig. 5A , the permeability of dextran-FITC after 180 min was close to 80% for each Transwell TM without any difference between them. Fig. 5B shows the permeability (%) of the drug across all Caco-2 monolayers in relation with the TEER measurements (%). It can be observed that the permeability of dextran-FITC was close to zero when membrane supports of 1 mm were used, independently of the Caco-2 cell line. However, the percentage of drug which crossed the monolayer was 9.24% and 4.24% for Caco-2 clone cells seeded on membrane support of 3 mm N and HD, respectively. As can be seen in Fig. 5C , these results were explained by significant differences of the TEER values, as showed previously. Indeed, the high TEER values obtained with Caco-2 cells seeded on membrane with pore size of 1 mm prevented the paracellular transport of the drug. However, the models with lower TEER values allowed the diffusion of a small fraction of drug.
In this study, it was demonstrated that culture conditions can strongly influence the integrity of Caco-2 monolayer, as well as the permeability of drugs. We could recommend that the choice of the membrane pore size has to be done in function of the cell type used in order to achieve a valid model to perform permeability studies.
